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(57) Abstract: A method of controlling uniformity 
during tire manufacture includes the steps of 
selecting a target attribute and assigning a target 
value thereto, measuring the target attribute in a 
subject tire at a first rotational speed approximating 
highway speed and measuring in the subject tire 
indicator attributes a second rotational speed 
lower than the first rotational speed. The indicator 
attributes are condensed via a multivariate process 
to determine which attributes are the most strongly 
related to the target attribute. Next a plurality of 
predictors for the target attribute is determined, 
each predictor having components including at 
least one indicator attribute. From the plurality of 
predictors, at least one best predictor is selected. 
The measurements for the indicator attributes 
making up the selected predictor are compared 
to limit values for the indicator attributes, 
and, responsive to the comparison, the tire 
manufacturing process may be controlled to correct 
any deviation between the measured attribute and 
the limit value for at least an additional subject tire. 
Production tires are measured for the components 
of the selected predictor at the second rotational 
speed, and a value for the target uniformity attribute 
is predicted based on the selected predictor for 
the additional subject tire. The predicted value is 
compared to the target value to allow for sorting 
or grading the tires. 
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METHOD OF ANALYZING AND CONTROLLING THE UNIFORMITY OF TIRES 

BACKGROUND AND SUMMARY 

[01] The invention relates to tire uniformity, and more specifically to a method for 
analyzing and controlling the uniformity of tires during tire manufacturing. 

[02] Tire non-uniformity relates to the symmetry (or lack of symmetry) relative to 
the tire's axis of rotation in mass, geometric, or stiffness characteristics. 
Conventional tire building methods unfortunately have many opportunities for 
producing non-uniformities in tires. During rotation of the tires, non-uniformities 
present in the tire structure produce periodically-varying forces at the wheel axis. 
Tire non-uniformities are important when these force variations are transmitted as 
noticeable vibrations to the vehicle and vehicle occupants. These forces are 
transmitted through the suspension of the vehicle and may be felt in the seats and 
steering wheel of the vehicle or transmitted as noise in the passenger compartment. 
The amount of vibration transmitted to the vehicle occupants has been categorized 
as the "ride comfort" or "comfort" of the tires. 

[03] Tire uniformity characteristics, or attributes, are generally categorized as 
dimensional or geometric variations (radial run out and lateral run out), mass 
variance, and rolling force variations (radial force variation, lateral force variation, 
and tangential force variation, sometimes also called longitudinal or fore and aft force 
variation). 

■ 

[04] The art includes different methods for measuring uniformity in tires. Typically, 
rolling force variations are measured as the spindle force and moment variations of a 
tire and wheel assembly rotating under load against a road wheel or track. 
Geometric variations are usually measured as deviations from an average 
dimension. Mass variance measurement is typically limited to mass imbalance, 
which is the first harmonic component of mass variance. Mass imbalance may be 
measured statically on a balance device or on a device that rotates the tire with 
respect to an axis passing through the geometric center of the tire without applying a 

♦ 

load to the tire. 

* 

[05] Measurement of non-uniformities is typically done for quality control after 
manufacturing the tire to determine the effect the non-uniformities will have on a 



WO 02/099377 



PCTAJS01/17664 



vehicle, that is, the vibrations that will be produced by the non-uniformities. The 
measurement can be used, for example, to reject tires or to sort or grade tires 
according to the vehicle for which the tire will be used, if relevant values for the 
measured variations can be determined. 

[06] A difficulty in evaluating non-uniformity measurements is that force variations 
are derivative of one or more underlying physical non-uniformities such as joint 
overlap, cord spacing, and tread gauge. Force variations may also be related to 
other measurements such as the geometric run out measurements. Thus, error may 
be introduced in the evaluation of the force variations unless the interaction inter- 
relations among variables are taken into account. 

[07] Another difficulty is in the actual measurement and evaluation of the force 
variations caused by tire non-uniformities. The magnitude offeree variations often is 
a function of the speed of rotation of the tire, and thus, to completely measure the 
force variation would require the tester to rotate and measure the tires at a variety of 
speeds. While it is possible to test tires throughout a range of relevant speeds, it is 
expensive and time-consuming to do so. 

* 

[08] Another difficulty in actual high speed measurement is that at high speed 
rotation the measurement data includes noise associated with the hardware and 
software used to make the measurements, for example, machine resonance, 
tire/wheel mounting aberrations, transducer calibration error and cross-talk between 
transducers, and limitations of the sampling and averaging procedures. Generally, 
testing at low rotation speeds is simpler and less expensive than testing at high 
rotation speeds. 

[09] To avoid using exhaustive testing protocols, some working in the art have 
devised methods for using low rotational speed measurements to predict the force 
variations at high rotational speeds. British patent publication no. 1,212,701 by 
Gough relates the changes in effective rolling radius at low speed to the tangential 
force variation (fore and aft) at high speed. U.S. Patent No. 4,815,004 to Beebe 
relates changes in effective rolling radius, and derivative measurements, 
acceleration of the tread surface, angular acceleration, and acceleration of the load 
wheel relative, to the angular acceleration of the tire to the tangential force variation 
at high speed. In both these publications, tangential force variation is stated to be 
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the main cause of steering wheel vibrations at high speed. U.S. Patent No. 
5,396,438 to Oblizajek uses variations in two low speed measurements selected 
from the set of effective rolling radius, radial force variation, geometric run out and 
tangential force variation to predict tangential force variation at high speed. 

[010] These methods have an important limitation related to the selection and 
handling of the tire attributes. The attributes to be tested and the attribute to be 
predicted are selected and fixed, and are not evaluated for importance for the 
particular structure of the subject tire. 

[01 1] In these methods, the attributes are also treated as if each is totally 
independent of any other attribute, which can lead to errors if, in fact, the selected 
attributes overlap, that is, are to some degree coherent. 

[012] The present inventor has discovered that by measuring a plurality of tire 
attributes at low speed and first evaluating the attributes for relevance in predicting 
one or more high speed attributes, an improved method of predicting high speed 
uniformity attributes is obtained. 

[013] In addition, one aspect of the invention relates to using the information 
derived from evaluating the slow speed attributes to identify and control aspects of 
the manufacturing process that may be producing the non-uniformities. 

[014] According to the invention, a method of analyzing and controlling uniformity 
during tire manufacture comprises the steps of selecting at least one target attribute 
and assigning a target value thereto, measuring the target attribute in a subject tire 
at a first rotational speed approximating highway speed, measuring a plurality of 
indicator attributes in the subject tire at a second rotational speed lower than the first 
rotational speed, determining a plurality of predictors for each at least one target 
attribute, each predictor including at least one of the indicator attributes, selecting a 
predictor from the plurality of predictors, measuring indicator attributes of the 
selected predictor in an additional subject tire at the second rotational speed, 
predicting a value for the target attribute based on the selected predictor for the 
additional subject tire, and comparing the predicted value of the target attribute to the 
target value. 

[015] According to another aspect of the invention, the method further comprises 
the steps of comparing the measured indicator attributes making up the selected 
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predictor to limit values for the indicator attributes to determine a deviation 
therebetween, identifying manufacturing operation related to the deviation, and 
responsive to the comparison, controlling the identified manufacturing operation to 
correct the deviation for at least an additional subject tire. 

[016] According to the invention, the target attribute is a tire force and/or a tire 
moment response produced during rotation of the tire, for example, radial force 
variation, tangential force variation, lateral force variation, or self-aligning moment 
variation, that has been identified as being of interest. The indicator attributes 
include mass variance, geometric variance measurement, and a force response 
produced during rotation of the tire. 

[01 7] According to another aspect of the invention, the method includes the step of 
sorting tires responsive to the comparison of the predicted value to the target value. 

[01 8] According to yet another aspect of the invention, the method includes the step 
of determining a plurality of predictors includes condensing the set of indicator 
attributes to remove overlap, that is, coherence, in the measured data, and 
determining a ranking of importance of the condensed indicator attributes to 
predicting the target attribute. 

[019] These and other aspects and embodiments of the invention will become 
better understood by reference to the following detailed description. 

BRIEF DESCRIPTION OF THE DRAWING 

[020] The sole figure is a flow diagram of a uniformity analyzing method in 
accordance with the invention. 

DETAILED DESCRIPTION 

[021] The goal of controlling tire uniformity is to manufacture tires that generate 
minimal annoying vibration transmissions to the occupants. Because these 
vibrations may make riding on the tires uncomfortable, from the perspective of the 
occupant, the goal is to control the comfort of the tires. The present invention 
provides a method for evaluating the uniformity of tires and controlling manufacturing 
for uniformity that improves on conventional methods by identifying and focusing on 
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tire attributes relevant to comfort for the vehicle on which the tire will be used. A 
relevant tire attribute is a measurable characteristic of the tire that can be related to 
the comfort of the tire on a vehicle. Further, the invention allows the continuous 
correction of manufacturing procedures to improve uniformity. 

[022] Force variations measured at the wheel axle during tire rotation only indirectly 
measure non-uniformities. Because force variations are directly related to the 
vibrations transmitted to the vehicle, they have come to be commonly relied on in 
evaluating tire uniformity. Different vehicles, however, respond differently to 
vibrations produced at the wheel axle because of differences in suspension, frame, 
cabin structure, and other structural elements between the tire and the occupants. 
Thus, a particular non-uniformity may produce a force variation that would be 
unacceptable in one vehicle model but may not be noticeable in another model. A 
single non-unrformity standard that applied to all tires for acceptability to all vehicles 
would be too restrictive. 

[023] Typically, the measured attributes are decomposed into their harmonic 
components via Fourier transformation. Harmonic decomposition is the most 
commonly used technique to 'quantify' the variations in measurements of attributes. 
The quantification process, in turn, enables the representation of the functional 
relationship in terms of linear equations. 

[024] It is possible, then, to model the comfort of the tires as a linear function of the 
harmonics of readily measurable tire attributes, i.e.: 

[025] Comfort, Z = Z B r Xi + constant (1 ) 

[026] Where, X represents a tire uniformity attribute and B represents a coefficient 
relating the uniformity attribute to vehicle comfort. A uniformity attribute as used 
here means an attribute that is indicative of the tire's contribution to comfort, and is 
also called here an indicator attribute. These include variations relative to the tire's 
axis of rotation in stiffness, geometry, mass, structure (reinforcing cord spacing, 
angle, and gage, tread gauge, joint formation, component thickness, etc.), the 
particulars of the forming drum and the curing mold, and any other attribute that 
experiences variety during the course of manufacturing tires. 

[027] It is difficult, if not impossible, to relate these various attributes directly to 
comfort. In addition, differences in vehicle structure and vehicle dynamics, and 
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differences in how a driver will perceive vibrations manifested in the seat and 
steering wheel, make arriving at a single value for Comfort (Z) difficult. Rather, a 
statistical value, a mean and standard deviation of x over a population of tires and/or 
vehicles, that is, of the magnitudes of harmonics, would better represent the 
measured Comfort. 

[028] To avoid the difficulties in directly relating Comfort to tire indicator attributes, 
the invention proposes a multiple step approach. The first step is to relate some 
uniformity attributes to comfort: 

[029] Comfort, Z = £ Cj Yj + constant (2) 

[030] where Yj is a set of high or low speed uniformity attributes, for example, force 
variations, which may be linked to comfort in a relatively easy manner, and Cj is a 
coefficient that relates the measured attributes to comfort 

[031] The second step is to link the uniformity attributes to the tire's uniformity 
attributes: 

[032] {Yj} = IBrX. (3) 

[033] where X is an array of uniformity attributes and B is a coefficient linking the 
uniformity attributes to the array of high speed uniformity attributes {Y}. 

[034] Equations 2 and 3 suggest a procedure for measuring or rating the comfort of 
a tire, but do not relate to controlling for comfort during manufacture. The link to 
manufacturing is done by relating a set of measurable tire attributes X| to the 
underlying engineering, manufacturing, and material characteristics: 

[035] Xi = ID r Ui (4) 

[036] where Uf represents tire attributes that are traceable to engineering, 
manufacturing, or material characteristics and Dj is a coefficient relating the 
characteristics to the measured tire attributes. The indicator attributes, Xj, for 
example, force variations, geometric variations, mass variance, and structural 
variations (reinforcing cord spacing and angle, tread gauge, joint location and 
overlap, layer thickness, etc.), can be related to engineering, manufacturing, and 
material characteristics through quality assurance methods, and engineering and 
technical knowledge. 
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[037] By solving equations 2, 3, and 4 simultaneously, a linkage between 
manufacturing of the tire and the tire comfort can be established. Traditional 
regression techniques, however, are not suitable for this purpose. The inventor, 
therefore, employed multivariate data analysis (MVDA) techniques. Multivariate 
analysis techniques are well documented and software packages are available from, 
for example, Proc PLS from SAS Institutes, SAS Circle, Box 8000, Cary, NC 27512- 
8000. These will not be described in detail herein. As explained below, a 
multivariate approach has other advantages that make the method of the invention 
more powerful. 

[038] Figure 1 is a flow diagram of a method according to the invention. A first step 
10 of the method begins by selecting a target attribute or attributes. By attribute is 
meant a measurable characteristic of the tire that relates to the comfort of the tire on 
a vehicle. The initial task is to link the "comfort" of the vehicle to one or more 
measurable attributes of the tire, for example, by determining what non-uniformities 
in the tire cause annoying vibrations in the seat or steering wheel. This may be done 
by testing a vehicle directly or modeling a vehicle suspension and chassis for 
transmission of particular frequency and amplitude combinations. 

[039] In some cases, the vehicle manufacturer or analysis of a vehicle suspension 
may provide information that a particular attribute or attributes, for example, 
tangential force variation, lateral force variation, or radial force variation, having a 
value above a particular threshold produces unacceptable vibrations in the vehicle. 
Further, the information may indicate that at a particular speed of rotation of the tires 
the vehicle is particularly susceptible to the generation and transmission of the 
vibration. Typically, the rotational speeds at which vibrations are unacceptably 
noticeable con-elate to a particular vehicle driving speed, which often is a highway 
speed, but may also be a lower local speed. 

[040] The at least one target attribute is therefore identified for the vehicle, and will 
have associated with it a specific rotational speed and a maximum allowable value or 
limit value. 

[041] Tires are manufactured and a subject tire or set of subject tires is selected 
from the manufactured tires 12. The subject tire serves as a baseline for the 
subsequent method steps, and will typically be a tire chosen from the manufacturing 
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line once the manufacturing procedure is considered stable, that is, the 
manufacturing line is producing tires that are, within manufacturing tolerance, 
identical. 

[042] During manufacture, data is collected 14 on the engineering specifications, 
the materials used, and the manufacturing process, the manufacturing attributes. 
The manufacturing attributes include, for example, measurements made on the tires 
in the uncured state such as mass balance, mass distribution variance (using beta, 
capacitance, or laser gages, for example), radial run out, lateral run out, tread gauge, 
rolling force variations, and physical attributes of the mold. The dimensional 
variations, position, and orientation of the various products on the forming drum and 
relative to one another could also be measured. These may include splice or joint 
dimensions, reinforcing belt positions, variations in cord spacing, cord angle, and 
cord uniformity, thickness of various layers, and other characteristics. This data is 
used in a later-described part of the method for controlling uniformity. 

[043] The set of subject tires is tested for the at least one target attribute 1 6. The 
target attributes will typically include the force variations, i.e., radial, lateral, and 
tangential, measured at the target rotation speed, which will usually be a speed 
approximating vehicle highway speeds. Because of the 'impedance 1 (spring rate) 
difference between high speed uniformity machines and the vehicle, the highway 
approximating test speed is usually 10-20 kph higher than the actual speed of the 
vehicle would be. As mentioned, force variations are more readily linked to comfort 
Advantageously, the method of the invention allows the high speed measurement to 
be done once, and need be repeated only after a change in the manufacturing 
process. 

[044] The set of subject tires is also tested for indicator attributes 1 8 that will include 
attributes to be measured for all subsequent subject tires. The indicator attributes 
include things that are readily and easily measured: mass balance, radial run out, 
lateral run out, rolling radius variation, tread surface acceleration, radial force 
variation, lateral force variation, and tangential force variation. The indicator 
attributes measured on a rotating tire are measured at low speed or statically, which 
as mentioned above, are easier and less expensive to perform. The indicator 
attributes could also include tread gauge variation (the variation in the depth of a 
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groove about the circumference) and variations in crown curvature (radius), 
thickness, or other readily measured attributes. 

[045] The data, both target attributes (if more than one is measured) and the 
indicator attributes, are then condensed in step 20 using Multivariate Data Analysis 
techniques, for example, Principal Component Analysis or partial least squares 
(PLS). Multivariate Data Analysis such as PLS uses the 'principal components' as 
intermediaries to relate the input and output variables. The attributes are condensed 
into principal components, which are linear combinations of the actual measured 
attributes, or input variables, that explain the variance in the target or output 
variables. The principal components are often referred to as latent variables, as 
these are not actual measured or measurable variables. MVDA is accordingly 
sometimes refers as an 'indirect 1 modeling technique. If more than one target 
attribute is measured, the target attributes would also be condensed into principal 
components to link to the principal components of the indicator attributes. The 
principal components will have an associated numerical value indicative of the 
relationship to the target variable. For example, a principal component may explain 
80% of the variance of the target attribute. 

[046] Principal component analysis also ranks the measured attributes according to 
the contribution of each attribute to the principal components. It is possible then to 
eliminate one or more indicator attributes as being of small importance or being 
redundant, to remove interactions among the measurements, to reduce irrelevant 
indicator attributes, and to minimize noise in the data. 

[047] The remaining attributes are then used to form predictors for the target 
attributes 22. The indicator attributes are related, either alone or in combination with 
other indicator attributes, to the target attributes using a suitable technique, such as 
a multivariate analysis regression or a multiple regression. 

[048] From the various predictors that are formed, those best representing the 
target attributes are selected 24. One technique for determining the best 
representative is by using a vector form of R 2 : 

[049] R 2 = 1 - (variance/sum of squares) (5) 

[050] where the variance is the sum of squares of all of the variance vectors of each 

i 

indicator attribute: 
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[051] Variance = ^(measured value - model value) 2 (6) 

(052] and the sum of the squares of all the attributes is represented by: 

[053] Sum of Squares = ^Variance] (7) 

[054] The step of selecting a best predictor from a plurality of predictors has the 
unexpected advantage of identifying as valuable indicator attributes that the art has 
considered of low value or ignored. For example, although mass imbalance is 
known to have an effect on uniformity and force variation at high speed, it was 
generally thought that mass imbalance effects were minimal after the tire and wheel 
were balanced by attaching counterweights to the wheel The method of the 
invention has shown (as detailed in the example below) that mass imbalance in 
combination with variation in Radial Force (rolling radius variation is a third tier input 
for harmonic one HSU.) is a strong predictor of high speed attributes such as the 
harmonic 1 component of radial and/or tangential force variation. 

[055] Another advantage of condensing the indicator attributes data and forming 
predictors is that it eliminates the reliance on an assumption, as typically made in 
conventional techniques, that the non-uniformity force variations of all tire designs 
are equally well predicted by the same set of low speed attributes. The method of 
the invention allows for the most relevant attributes and strongest predictors to be 
identified for each tire model tested under the methods. 

[056] The set of indicator attributes may also be condensed and linked via 
Multivariate Data Analysis (multiple regression) techniques in the manner described 
above to the manufacturing attributes 26. The linkage identifies the sources for the 
variation in the indicator attributes 28 by identifying those manufacturing steps most 
strongly linked to the indicator attributes. The particular manufacturing steps can 
then be evaluated, and corrections or adjustments may be made to the 
manufacturing procedures to reduce these variations 30. 

[057] With the target attributes and predictors established, the method is then 
applied to the manufacture of production tires for evaluating and controlling 
uniformity. As additional tires are manufactured, they are measured for the indicator 
attribute or attributes associated with the selected predictor 32. The attribute or 
attributes are combined into the predictor and a predicted target attribute value is 
calculated for each additional tire 34. The predicted value for the target attribute is 
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compared to the limit value, or maximum permitted value, that was earlier 
determined 36. The tire is then sorted or graded according to the comparison 38. 

[058] The indicator attributes measured in the production tires are also used to 
control the manufacturing process to reduce any identified unacceptable force 
variations, working backwards from the predictor and the associated indicator 
attributes. The production of tires will have linked various indicator attributes to the 
underlying manufacturing attributes 26. According to the method, the indicator 
attributes associated with the predictor will be used to identify the manufacturing 
attributes most responsible for the variations, using the same multivariate techniques 
28. Once the manufacturing attributes are identified, the actual manufacturing step, 
design characteristic, or material characteristic can be examined to determine what 
corrections or adjustments are to be made 30. Subsequently manufactured tires, 
that is, those manufactured by the corrected or adjusted procedures, would be 
expected to exhibit a reduced magnitude of the target attribute. 

[059] Subsequently manufactured tires could become new subject tires and the 
method of invention applied to these new subject tires to establish new baselines for 
the target attribute measurements and linkage to the indicator attributes. This is 
advantageous where the adjustment of a manufacturing procedure to minimize an 
attribute variance also reduces the importance or contribution of that attribute to the 
target attribute. Thus, the invention allows for both an optimization of manufacturing 
procedures and the procedures for testing and analyzing the tires. 

[060] To better illustrate the invention, the following comparison with conventional 
or known methods is provided. A set of tires was analyzed according to the method 
of the invention and was also analyzed using the known techniques of (1) using 
variations in radial force to predict tangential force variation at high speed (RFVs), 
where the low speed measurements are scalar parameters; (2) using variations in 
radial force to predict tangential force variation at high speed (RFVv), where the low 
speed measurements are vector quantities; (3) using variations in instantaneous 
rolling radius to predict high speed tangential force variation (IRR); and (4) using 
changes in rolling radius and variations in radial force variation to predict high speed 
tangential force variation. In addition, a prediction using all the variables (ALL) was 
performed as a check. 
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[061] A group of 1 1 8 tires of size P21 5/75R1 5 was evaluated for radial force 
variation, tangential force variation, and variation in rolling speed (from which 
instantaneous rolling radius is calculated), during rotation under load. Each tire was 
rotated at high speeds (80 to 144 kph) and low speed (7 to 8 kph) and data was 
collected for harmonics 1 to 4 based on the average value over 1 5 tire revolutions. 
In addition, a low speed transient response was measured at 16 kph to obtain a 
difference in low speed attributes at two different low speeds. Mass balance was 
derived from the radial force and/or tangential force variation of the free spinning tire 
or measured separately. 

« 

[062] The measured attributes were decomposed by Fourier transform into the 
harmonic component. The low speed and mass balance data were used as the 
indicator attributes (the inputs), and those for the high speed data were used as the 
target attributes (the outputs). In addition, radial force variation and tangential force 
variation were chosen as the target attributes. 

[063J The indicator attributes were subjected to condensation to eliminate 
interactions among the data and linear relationships were established among the 
inputs and outputs. A ranking to indicate the importance of the indicator attributes 
with respect to the target attributes was also generated, as explained above. In this 

« 

example, among the harmonic one components, the most important input attributes 
are selections of two or three components of radial force variation, mass imbalance, 
tangential force variation, radial run out, and rolling radius variation. 

[064] The condensed indicator attributes were combined in various combinations to 
form predictors. The best predictors were shown to be the transient response 
attributes (the attributes measured at two low speeds) for radial force variation and 
tangential force variation, the transient response for rotation speed variation and 
radial force variation, and the combination of Radial Force Variation and Mass 
Imbalance (RFV+MB). 

[065] Transient response attributes in the example were derived from attributes 
measured at two rotational speeds, in this case, by a difference. 'Transient" 
referring to a change in the attribute over the two speeds. Other transient responses 
may be of interest, for example, the attribute measurement over different loads, 
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inflation pressure, etc. A transient response can also be measured as an indirect 
means of measuring mass distribution (higher than harmonic 1). 

[066] Table 1 shows the results of the comparison for Radial Force Variation (Fz) 
and Tangential Force Variation (Fx) at high speed for harmonics 1 to 4 for the 
various techniques. The All Attributes predictor (ALL) has the highest R 2 value 
throughout; however, it should be kept in mind that testing and analyzing all 
parameters of a tire is the most expensive and time consuming, and therefore, the 
least desirable technique. By comparison, it may be seen that, of the other 
predictors, the transient response predictors, dMvV and dMxV, consistently had the 
highest R 2 values. 

[067] The Radial Force Variation/Mass Imbalance predictor (RFV+MB) was also 
very strong for harmonic one, but was less strong for harmonics 2-4, which is 
expected because the measurement of mass imbalance is a first order 
measurement, that is, a mass value at a particular location relative to the axis of 
rotation. The strength of the Radial Force Variation/Mass Imbalance predictor 
suggests that mass imbalance is a significant contributor to high speed uniformity 
(force variation) at the first harmonic, and accordingly, is valuable for use in 
analyzing and controlling comfort. 

[068] The comparison also suggests that variations in Rolling Radius (IRR), which 
has traditionally been considered highly useful, may not be as useful as transient 
Rotation Speed variation, or the combination of Radial Force Variation and Mass 
Imbalance, particularly for the harmonic one components. 

[069] The invention has been described in terms of preferred principles, 
embodiments, and steps, but those skilled in the art will understand that substitutions 
may be made and equivalent steps performed without departing from the scope of 
the invention as defined in the claims. 
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What is claimed is: 

1. A method of controlling uniformity during tire manufacture, comprising the steps 
of: 

selecting at least one target attribute and assigning a target value thereto; 

measuring the at least one target attribute in a subject tire at a first rotational 
speed approximating highway speed; 

measuring a plurality of indicator attributes in the subject tire; 

determining a plurality of predictors for each at least one target attribute, each 
predictor including at least one of the plurality of indicator attributes; 

selecting at least one predictor from the plurality of predictors; 

measuring indicator attributes of the selected predictor in an additional subject 

tire; 

predicting at least one value for the target attribute based on the at least one 
selected predictor for the additional subject tire; and 

comparing the at least one predicted value of the target attribute to the target 

value. 

2. The method as claimed in claim 1, further comprising the steps of: 

comparing the measured indicator attributes making up the at least one 
selected predictor to limit values for the indicator attributes to determine a deviation 
therebetween; 

identifying a manufacturing operation related to the deviation; and 

responsive to the comparison, controlling the identified manufacturing 
operation to correct the deviation for at least an additional subject tire. 

3. The method as claimed in claim 1 , wherein the at least one target attribute is a 
tire force response produced during rotation of the tire. 
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4. The method as claimed in claim 1 , wherein radial force variation and tangential 
force variation are the target attributes. 

5. The method as claimed in claim 1, wherein the plurality of indicator attributes 
includes a force response produced during rotation of the tire at a second rotational 
speed lower than the first rotational speed and a geometric variance. 

6. The method as claimed in claim 1 , wherein the plurality of indicator attributes 
includes one of mass imbalance and mass distribution. 

7. The method as claimed in claim 1, wherein the plurality of indicator attributes 
includes attributes measured under transient conditions. 

8. The method as claimed in claim 1 , further comprising the step of sorting tires 
responsive to the comparison of the predicted value to the target value. 

9. The method as claimed in claim 1, wherein the step of determining a plurality of 
predictors includes condensing the indicator attributes to remove overlap 
therebetween in measured data. 

10. The method as claimed in claim 1 , wherein the at least one predictor includes 
mass imbalance and radial force variation at harmonic one. 

1 1. The method as claimed in claim 1, wherein the at least one predictor includes at 
least one attribute measured under transient conditions. 
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12. A method of controlling uniformity during tire manufacture, comprising the steps 
of: 

selecting at least one target attribute and assigning a target value to each; 

. measuring the at least one target attribute in a subject tire at a first rotational 
speed approximating highway speed; 

measuring mass imbalance of the subject tire; 

measuring in the subject tire indicator attributes at a second rotational speed 
lower than the first rotational speed; 

determining a plurality of predictors for the target attribute, each predictor 
having components including at least mass imbalance and one additional indicator 
attribute; 

selecting a predictor from the plurality of predictors; 

measuring in the additional subject tire the components of the selected 
predictor at the second rotational speed; 

predicting a value for each of the at least one target uniformity attributes 
based on the selected predictor for the additional subject tire; and 

comparing the predicted value to the at least one target value. 

13. The method as claimed in claim 12, further comprising the steps of: 

comparing the measurements for the indicator attributes making up the 
selected predictor to limit values for the indicator attributes; and, 

controlling tire manufacture to correct any deviation between the measured 
attribute and the limit value for at least an additional subject tire, responsive to the 
comparison. 

14. A method of analyzing uniformity during tire manufacture, comprising the steps 
of: 

selecting at least one target attribute and assigning a target value to each; 
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measuring the at least one target attribute in a subject tire at a first rotational 
speed approximating highway speed; 

measuring in the subject tire indicator attributes a first time at a second 

rotational speed lower than the first rotational speed; 

measuring in the subject tire the indicator attributes a second time under 
transient conditions, wherein one of load on the tire, tire pressure, and rotational 
speed differs from the first time; 

determining a plurality of predictors for the at least one target attribute, each 
predictor having components chosen from the indicator attributes; 

selecting at least one predictor from the plurality of predictors; 

measuring in at least one additional subject tire the components of the 
selected predictor; 

predicting for the at least one additional subject tire a value for the at least 
one target uniformity attribute based on the selected at least one predictor; and 

comparing the predicted value to the target value. 
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